Three novel alkyl phenothiazinyl phenylacrylonitrile derivatives (C12F, C12Cl, and C12Br) with different halogen end groups (fluorine, chlorine, and bromine) were synthesized with ultra-high yield (> 90%) and successfully confirmed according to standard spectroscopic methods. All these compounds were demonstrated with apparent twisted intramolecular charge transfer (TICT) and aggregation-induced emission (AIE) features. The halogen effect rendered them different electronic donor-acceptor behaviours, and gave birth to peculiar different mechanofluorochromic properties. The fluorine-substituted compound (C12F) showed obvious red-shifted mechanofluorochromic feature, while almost no mechanofluorochromic characteristic existed in the chlorine-(C12Cl) and bromine-substituted (C12Br) compounds. The mechanofluorochromic mechanism of C12F was investigated and attributed to the phase transformation from crystalline to amorphous state between the original and ground samples, easy crystallinity of the compound, straight conformation of alkyl chain, higher energy gap, and significant decrease of weighted mean lifetime. Moreover, C12F showed reversible mechanofluorochromic behaviour and reproducibility by annealling the ground sample, making it promising dual responsive and smart fluorescent materials for fluorescence switches and mechanosensors. The discussion of halogen effect on mechanofluorochromic properties in this work would provide a new way to adjust the fluorescent feature of mechanofluorochromic materials.
Introduction
Mechanofluorochromic materials have attracted great interest in mechanosensors, fluorescence switches, and data storage applications in the past decade due to superior high efficiency and reproducibility [1] [2] [3] . However, mechanofluorochromic materials dependent on changes in molecular arrangement and packing are still rare ascribed to the lack of clear structure-property relationship of mechanofluorochromic materials [4] [5] [6] . Another problem that limit the development of these materials is the fluorescent quenching phenomenon in many planar conjugated molecules [7, 8] . On the contrary, aggregation-induced emission (AIE) materials with anti-quenching feature have been developed with various architectures and utilized for chemosensor and bioimaging applications [9] [10] [11] [12] . More importantly, many AIE compounds have been demonstrated with mechanofluorochromic feature, which would open up a new path to fabricate more and more mechanofluorochromic compounds [13] [14] [15] [16] [17] [18] .
Based on the previous work, deeply understanding the structure-property relationship is of great importance to investigate the mechanofluorochromic mechanism, which will further broaden the area of mechanofluorochromic materials. Some recent design strategies have demonstrated the structure adjustment could directly affect the performance of mechanofluorochromic materials, and provided some aids to better understand their structure-property relationship [1] . In 2011, Harima et al. reported heteropolycyclic fluorescent dyes with donor-acceptor (D-A) π-conjugated structure showed mechanofluorochromism, and the degrees of mechanofluorochromism were dependent on the electron-accepting ability of acceptor, steric sizes of the substituents, and intermolecular π-π 4 interaction [19] . Other D-A associated mechanofluorochromic systems have been studied by Yagai's group, Wei's group, and Wang's group [20] [21] [22] . Alkoxyl (alkyl) length is another important structural factor affecting mechanofluorochromism, which has been studied by Xu and Chi's group, indicating the mechanofluorochromism of 9,10-distyrylanthracene derivatives was more obvious when the length of alkoxyl group increased [23] . The Yang's group also reported alkyl length-dependent solid-state fluorescence properties of 9,10-bis[(N-alkylcarbazol-3-yl)vinyl]anthracenes under various external stimuli, demonstrating the opposite phenomenon that the shorter the N-alkyl chain, the more remarkable the mechanofluorochromic behaviour [24] . In 2012, Xu and Chi's group reported the influence of carbazolyl groups on mechanofluorochromic properties of the distyrylanthracene derivatives, proving more obvious mechanofluorochromism with the increase of carbazolyl groups [25] . Most recently, Fraser's group examined the effect of halide substituted group to the mechanochromic luminescence of difluoroboron β-diketonate compounds, suggesting no obvious different mechanofluorochromism among the fluorine, chlorine, and bromine substituted compounds [26] . However, systematic investigation of halogen effect to mechanofluorochromic materials is still highly rare. Therefore, adjusting the mechanofluorochromic property of these smart materials through halogen effect is of great scientific interest and highly demanded.
In this work, we have designed and facilely synthesized three new alkyl phenothiazinyl phenylacrylonitrile derivatives with different halogen end groups (C12F, C12Cl, and C12Br, under N 2 atmosphere.
Syntheses of C12F, C12Cl, and C12Br
Synthetic routes of the compounds C12F, C12Cl, and C12Br were showed in Scheme 1. 
Results and discussion
The fluorogens of C12F, C12Cl, and C12Br were prepared with ultra-high yields of [30] . To determine whether the compounds are AIE-active, the PL emission spectra of their diluted mixtures were investigated using THF/water mixed solvents with different water fractions (Fig. 1) . Similar fluorescence characteristic could be found in these compounds, that is including twisted intramolecular charge transfer (TICT) and AIE features. The TICT section was featured with a red-shifted emission colour and a decreased emission intensity with increasing solvent polarity, which could be found as the water fraction was ≤ 60%. When the water fraction is higher than 60%, the AIE feature is prominent.
<Fig. 1>
The UV−vis absorption spectra of the as-prepared compounds in the THF/water mixed solvents (10 μM) are shown in Fig. 2 . The spectral curves were significantly changed when the water fraction was higher than 60%. The entire absorption spectra started to increase, indicating the formation of organic nanoparticles. The light scattering of the nanoparticles in the mixed solvents caused decrease of light transmission in the solvents and led to level-off tail in the visible region of the absorption spectra. The UV−vis results were well-consistent with AIE phenomena of the compounds, which were caused by molecular aggregation.
<Fig. 2>
Many AIE compounds have been demonstrated with mechanofluorochromic feature, 9 therefore, we ground the compounds directly, and found the fluorescent colour of C12F was significantly changed from green to yellow (Fig. 3a) , which revealed obvious red-shifted mechanofluorochromic feature. However, the compounds of C12Cl and C12Br exhibited no mechanofluorochromic performance at all, as both original samples and ground samples appeared orange fluorescence (Fig. 3b, 3c) . This interesting and different mechanofluorochromic property based on alkyl phenothiazinyl phenylacrylonitrile derivative was not consistent with the previous report by Fraser's group [26] . Therefore, a series of characterization methods including solid FL spectra, SWAXS, quantum mechanical computations, and time-resolved emission-decay behaviours have been determined to reveal the mechanofluorochromism.
<Fig. 3>
To quantitatively study the fluorescent wavelength changes of these alkyl phenothiazinyl phenylacrylonitrile derivatives among different states, solid-state FL spectra were conducted.
As shown in Fig. 3A , the maximum fluorescent emission wavelength of the original C12F
sample was located at 549 nm. When it was ground, the emission wavelength was red-shifted to 579 nm, which gained a 30 nm red-shift of wavelength. Meanwhile, this ground sample could easily recover to the original luminescence by annealing on a hot plate at 70 °C for 5 min (Fig. 3a) , demonstrating excellent reproducibility of the synthesized mechanofluorochromic compound. On the contrast, the compounds of C12Cl and C12Br
showed little change of mechanofluorochromic wavelength. When grinding the original compounds of C12Cl and C12Br, only 7 nm and 6 nm red-shift of emission wavelength were detected, respectively, although they were also demonstrated excellent reversibility by grinding and annealling (Fig. 3b, 3c ). The reversibility of mechano-fluorescence of the synthesized compounds was confirmed by grinding and annealing cycles, which indicated excellent reversibility as repeated fluorescence switch (Fig. 3d) . The above result evidenced that halogen effect could significantly affect the mechanofluorochromic properties of alkyl phenothiazinyl phenylacrylonitrile derivatives. The fluorescence quantum yields of C12F, C12Cl, and C12Br in solution and the solid-state before and after grinding have been determined to quantitatively study the fluorescent intensity of the synthesized compounds.
The fluorescence quantum yields of C12F, C12Cl, and C12Br in THF were determined as 51%, 33%, and 28%, respectively. In solid state, the fluorescence quantum yields of C12F, C12Cl, and C12Br were changed from 54%, 39%, and 35% before grinding to 44%, 30%, and 31% after grinding, and to 53%, 37%, and 35% after annealling, respectively. This result indicated the synthesized compounds showed high fluorescence both in solution and solid state, although slight decrease of fluorescence was observed after grinding in solid state.
It has been proposed that change of aggregated phase by external mechanical forces usually led to mechanofluorochromic nature [31] . Thus, SWAXS measurements were employed to determine the micro-structures of these compounds in original, ground, and annealed states (Fig. 4) . The sharp scattering peaks was observed for the original sample of C12F, indicating crystalline structures with high order (Fig. 4a) . After the original C12F were ground by external mechanical forces, change from crystalline structure to low crystalline structure or amorphous state occurred, which was evidenced by the attenuation and disappearance of the original sharp peaks. Interestingly, the annealed sample of C12F from the ground one led to the recovery of the crystalline phase, which was accompanied with the appearance of sharp 11 peaks that was consistent with the original samples. The above result indicated that the mechanofluorochromic behaviour of C12F was derived from aggregated state transition from ordered to low ordered molecular aggregation. However, all of the original, ground, and annealed states of the compounds of C12Cl and C12Br showed low ordered state in their molecular aggregated phase, which could be observed in Fig. 4b and 4c . Thus, no obvious change of aggregated phase happened in these different states, leading to no apparent mechanofluorochromic behaviour.
<Fig. 4>
To further discuss the change of the aggregation state in the mechanofluorochromic process, differential scanning calorimetry (DSC) of the solid-state before and after grinding have been measured and provided in Fig. 5 . The first heating and second heating process of the synthesized compounds were determined. In the case of C12F, the first heating curve of the original sample and ground sample exhibited little difference. However, the second heating curves of these two samples showed obvious difference, as a cold crystallization peak located at 75 °C and a melting peak at 86 °C appeared in the original sample, while the ground sample had no temperature transition in the heating process. In the contrast, C12Cl and C12Br showed no obvious difference either in original state or in ground state for the two heating processes. The above result demonstrated C12F had better crystallinity than the other two compounds, which was beneficial for the production of obvious mechanofluorochromic feature.
<Fig. 5>
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To deeply understand the mechanofluorochromism of the as-prepared compounds in molecular level, we conducted quantum mechanical computations via Gaussian 03 software to gain the optimized geometry of the compounds in their lowest energy spatial conformations (Fig. 6) . The highest occupied molecular orbitals (HOMOs) and the lowest unoccupied molecular orbitals (LUMOs) of these compounds were also obtained according to the density functional method at the B3LYP/6-31 G level after structural optimization [32] . From the optimized geometry of the compounds, conspicuous difference of C12F comparing to C12Cl
and C12Br in the conformation of alkyl chain could be observed, which suggested much straighter alkyl group existed in C12F. The HOMOs of these compounds exhibited dispersed electron cloud distributions located at the phenothiazinyl phenylacrylonitrile group of the molecules, whereas the electron clouds of the LUMOs showed migration of electron clouds to the halogen end group. It is noteworthy that the migration trend of the electron clouds from HOMO to LUMO is in this order: C12F > C12Cl ≈ C12Br. The calculated frontier orbital energy levels of C12F, C12Cl, and C12Br were showed in Table 1 . The calculated HOMO-LUMO gaps for C12F, C12Cl, and C12Br were 3.13, 3.11 and 3.12 eV, respectively.
Meanwhile, the energy gaps calculated from UV-vis absorption spectra for C12F, C12Cl, and C12Br were 2.61, 2.51, and 2.48 eV, respectively. These results were consistant with the above migration trend of electron clouds of three compounds. Time-dependent density functional theory (TD-DFT) were carried out to compare the results of electronic structure calculations with experimental data. Oscillator strength and dipole moment of the compounds were listed in Table 1 . C12F had larger oscillator strength and dipole moment than that of Furthermore, the time-resolved emission-decay behaviours of C12F, C12Cl, and C12Br in original, ground, and annealed states were investigated. The lifetime data were illustrated in Table 2 . Two relaxation pathways of the fluorescence decays were found for these three compounds, implying that the time-resolved FL spectra of the compound containing independent emissions from different π-conjugation extent evidenced by the two detected lifetimes. The weighted mean lifetimes <τ> of the original, ground, and annealed states of these samples were determined. The ground state of C12F showed significant decrease of <τ> as compared to its original and annealed states. However, different states of C12Cl and C12Br exhibited almost the same <τ>. According to this result, the difference of time-resolved emission-decay behaviour might be the reason inducing different mechanofluorochromism of the compounds.
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Conclusions
In summary, we have reported three new alkyl phenothiazinyl phenylacrylonitrile derivatives (C12F, C12Cl, and C12Br) with different halogen end groups. These compounds showed apparent and similar TICT and AIE features. The mechanofluorochromic feature of the compounds were significantly affected by halogen group, as the fluorine-substituted compound exhibited obvious mechanofluorochromic performance, while the chlorine-and bromine-substituted compounds showed almost no mechanofluorochromism. Such differences of mechanofluorochromic property were investigated by SWAXS, quantum mechanical computations, and time-resolved emission-decay behaviours studies. The results revealed that the mechanofluorochromism of C12F might be derived from the following reasons:
crystalline-amorphous phase transformation between the original and ground state, easy crystallinity of the compound, straight conformation of alkyl chain, large migration of electron clouds from HOMO to LUMO, higher energy gap, and significant decrease of <τ>.
The study of halogen effect on mechanofluorochromic properties in this work would provide a new path to adjust the fluorescent feature of mechanofluorochromic materials.
Figure Captions
Scheme 1 Synthetic routes of C12F, C12Cl, and C12Br. 27 Table 1 Electronic spectral data of C12F, C12Cl, and C12Br calculated with TDDFT at the B3LYP/6-31 G level.
28 Table 2 Solid-state fluorescence lifetime data of C12F, C12Cl, and C12Br in original, ground, and annealed states.
